ntracranIal electroencephalographic (EEG) recordings are used to identify seizure onset zones for resective epilepsy surgery in patients with medically intractable epilepsy. The hypothesis of the localization of seizure-onset zones is constructed based on seizure semiology and interpretations of multimodal presurgical workups, such as long-term video-EEG monitoring and structural and functional imaging studies. 11, 16, 17 In temporal lobe epilepsy, seizure onset can originate from mesial structures, neocortex, or both. To make a decision whether hippocampal removal is necessary or not, mesial temporal monitoring is frequently required.
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Traditionally, depth electrodes are used to study the mesial temporal lobe and other limbic structures. 5, [24] [25] [26] Depth electrodes can be inserted through the medial occipital lobe into the long axis of the hippocampus and reach the amygdala 5, 19, 25 or can be inserted orthogonally to the long axis of the hippocampus through the middle temporal gyrus. 1, 15 A less frequently employed approach is to place electrodes intraventricularly over the hippocampus. The temporal horn of the lateral ventricle can be entered from the occiput or the temporal lobe, with the aid of stereotaxy or endoscopy. 3, 14, 20 Depth electrode placement with stereotactic technique has some limitations. 1) The targeting is not always accurate because of the complex morphology of the mesial temporal lobe, the depth, and the relative position of the ventricular spaces. 2) Multiple depth electrodes are needed if one is to sample the entire length of the hippocampus from a lateral approach. Although the rate of morbidity related to depth electrode placement is low, intracranial hemorrhage has been a concern, especially in the dominant hemisphere. 21 As an alternative to depth electrodes, subdural strip electrodes have also been used for mesial temporal recordings. Typically, 2 or 3 strips have been applied subtemporally and perpendicular to the long axis of the temporal lobe to monitor the amygdala and hippocampal head, body, and tail. The suboptimal placement of subtemporal subdural electrodes has been reported, 8 and the posterior subtemporal strip may damage the bridging vein. 7 Less commonly, a subdural strip has been placed by an anteromedial approach along the temporal pole and the medial basal temporal lobe surface, which allows recording from the parahippocampal gyrus along its long axis. 7 However, the subdural strip electrodes were reported to be less sensitive than hippocampal depth electrodes because subdural strip electrodes detect the later spreading activity while depth electrodes record the beginning of seizures in the hippocampus. 8, 24, 26 The difference in the quality of recording of depth and subdural strip electrodes is more likely to arise from their distance to hippocampal structures.
The technique of intraventricular strip electrode (IVSE) monitoring was first described by Polkey et al. 20 and involves placement of a strip electrode over the ventricular surface of the hippocampus for direct recording.
In this study, we report our experience using this technique in the pediatric population. The surgical technique is described and electrophysiological and clinical data are presented.
Methods

Surgical Pathway of Children With Medically Intractable Temporal Lobe Epilepsy
Patients with medically intractable temporal lobe epilepsy patients undergo a comprehensive presurgical evaluation, including diagnostic video-EEG (interictal and ictal) monitoring, brain MRI with epilepsy surgery protocol, fluorodeoxyglucose positron emission tomography (FDG-PET), and neuropsychological assessments including nonverbal and verbal memory and frontal lobe function testing. Functional MRI is considered if the suspected seizure-onset zone is close to a potentially eloquent functional area. Single photon emission computed tomography (SPECT) with subtraction ictal SPECT co-registered to MRI (SISCOM) or ictal-interictal SPECT analyzed by statistical parametric mapping (ISAS) are conducted when there are discordant findings among the baseline tests. Wada testing may be performed when there are concerns about potential decline in verbal memory as a complication of surgery.
The results of the aforementioned studies are then reviewed by our multidisciplinary team consisting of epileptologists, neuroradiologists, neuropsychologists, and neurosurgeons. Invasive monitoring is proposed on the basis of consensus. Intracranial monitoring with combined subdural strip/grid electrodes and/or depth electrodes is used to localize the seizure-onset zone and to define the resection margin for the epilepsy surgery. Grid maps are generated using CURRY SCAN 7 co-registration software (Compumedics) by incorporating preoperative MRI and postimplantation high-resolution CT scans. The multimodal imaging co-registration provides the grid localization with 3D information (Fig. 1) . For accurate anatomical mapping of both epileptogenic tissue and eloquent cortex, the location of each individual electrode must be established with reasonable accuracy. 16 
Patients
This study involved 10 consecutive patients (6 males and 4 females) who underwent subdural electrode placement and mesial temporal monitoring at Children's Healthcare of Atlanta (CHOA) between August 2013 and July 2015. The patients' median age at surgery was 12.7 years (4.5-19.3 years). Eight patients were right-handed, one was left-handed, and in another handedness was indeterminate. Each patient underwent the following presurgical evaluation: interictal/ictal video-EEG monitoring, brain MRI, FDG-PET brain scan, and neuropsychological tests. Ictal SPECT was performed in 6 cases. All 10 patients had visible lesions on brain MRI (Table 1 ). Intracranial monitoring was recommended to explore the complexity of epileptogenic networks. In Cases 2, 3, 4, 5, 6, 8, and 9, seizure semiology and EEG findings suggested neocortical involvement. The patients in Cases 5, 7, and 9 had lesions with multilobar involvement on brain MRI. The patients in Cases 1 and 4 were undergoing repeat surgery, and precise decisions were required regarding the resection margins. Accordingly, both grids and IVSEs were placed in all patients. The median number of contacts, including IVSE contacts, was 122 (range 66-181).
The study was approved by the institutional review board of CHOA and was performed in compliance with the Health Insurance Privacy and Portability Act.
Surgical Technique: Ventricular Placement of Electrodes Over the Hippocampus
Either 4-or 6-contact strip electrodes (Integra LifeSciences Corp.) were used in all cases. Contacts were spaced 10 mm apart. One strip electrode was placed per patient. The 4-contact electrodes were applied in 5 cases, and the 6-contact electrodes in the other 5 cases.
The craniotomies were tailored to expose temporal and/or frontal and/or parietal areas. Without removal of the lateral orbital rim or posterior-inferior reflection of the temporalis muscle, the anterior-most exposure of the temporal lobe is typically within 4 cm of the temporal tip. At a minimum, the sylvian fissure and the superior and middle temporal gyri were exposed. With ultrasound or frameless stereotaxy guidance, a 1-cm corticectomy was made at the anterior middle temporal gyrus, and dissection was carried through the white matter until the temporal horn of the lateral ventricle was reached. The curved end of a No. 3 Penfield dissector was then used to guide the insertion of the strip electrode (Fig. 2) and its placement along the long axis of the hippocampus. No resistance was encountered when the electrode was advancing properly along the ventricle surface. When resistance was encountered, the electrode was often over the hippocampal head and advancing toward the uncus (medially) and not toward the hippocampal body (posteriorly). Once the electrode was placed intraventricularly, the tail of the electrode was anchored to the dura and the scalp to prevent migration. Table 2 shows seizure outcomes and the intracranial monitoring data, including the number of electrodes placed and seizures recorded. The median number of contacts, including IVSE contacts, used per case was 122 (range 66-181). Both grids and IVSE were placed in all patients. No intraventricular hemorrhage was observed on immediate postoperative imaging. A total of 182 seizures were analyzed. In 2 patients, only subclinical seizures were recorded.
Results
The IVSE captured the seizure-onset zone in 8 patients (Table 2 ). Figure 3 depicts a seizure-onset pattern on electroencephalogram. Seizure-onset zone was localized exclusively by IVSE in 3 patients (Cases 1, 2, and 7) and was simultaneous in IVSE and subdural electrodes in 5 patients (Cases 3, 4, 6, 8, and 10). Among the 5 patients with simultaneous onset on both IVSE and subdural electrodes, 4 had basal temporal onset and 1 had orbitofrontal and lateral midtemporal onset (Case 6). Accordingly, a temporal lobectomy was performed in the 8 patients in whom the seizure-onset zone was identified. The 2 patients (Cases 5 and 9) whose seizures were not identified by IVSE underwent resective surgery with sparing of the hippocampus and the parahippocampal gyrus.
Nine patients became seizure free (Engel Class I) 9 after surgery (median duration of follow-up 18 months, range 6-33 months). The remaining patient had worthwhile seizure reduction postoperatively (Engel Class IIIa). In 8 patients, no newly developed neurological deficits occurred as a result of the resective surgery. Two of the 10 patients experienced surgery-related complications. One patient (Case 4) had a left middle cerebral artery stroke after temporal and orbitofrontal resections, which resulted in moderate right hemiparesis and transient aphasia. The other patient (Case 5) had signs of intracranial pressure elevation during intracranial monitoring, possibly due to the high number of intracranial electrodes placed (181), and the electrodes were promptly removed. Resective surgery in this patient was based on the interictal findings and 1 ictal recording. The patient experienced transient right hemiparesis and aphasia but eventually recovered fully and remains free from habitual seizures, having had only a single episode of aura in the immediate postoperative period. These 2 complications, one related to temporal lobectomy and one related to the hardware burden incurred by invasive monitoring, are similar to complications that have been documented in the neurosurgical literature. 10, 18, 22 They represented the 2 most severe complications that we had experienced in our institution in the last 5 years. However, neither of these complications was associated with IVSE placement. In postoperative imaging obtained immediately after the surgery, no intraventricular hemorrhage was observed.
Pathological findings showed that mesial temporal sclerosis (MTS) was most frequently found (n = 5), followed by tumors (n = 4). Dual pathology was appreciated in 4 cases (sickle cell anemia-associated multiple strokes, ganglioglioma, focal cortical dysplasia IIIa, 2 and focal encephalocele). Brain MRI did not show the evidence of MTS in 3 of 4 cases of pathologically confirmed MTS. Focal cortical dysplasia was revealed on MRI in 2 cases. In 1 case, left MTS was found in the setting of left temporal and diffuse cerebral atrophy. In 1 case, remote postischemic encephalomalacia was identified.
Discussion
This study documents our experience with invasive recording of mesial temporal structures using a strip electrode in the temporal horn of lateral ventricle. Seizure onset was detected and localized to the mesial temporal lobe by IVSE in 8 of 10 patients. In the remaining 2 patients, the absence of IVSE seizure-onset permitted sparing of mesial temporal structures. An Engel Class Ia outcome was achieved in 9 of 10 cases. Dual pathology, in which MTS coexists with an extrahippocampal epileptogenic lesion, is found more frequently in children than adults. 12 This possibility should be considered in children with neuronal migration disorders, low-grade tumors, vascular malformations, porencephalic cysts, and gliotic lesions as a result of cerebral insults early in life. 6 In the current study, dual pathology was confirmed in 4 cases, and MTS was associated with strokes, ganglioglioma, focal cortical dysplasia IIIa, and focal encephalocele. Furthermore, in 3 of 4 patients with a tissue diagnosis of MTS, brain MRI did not show evidence of MTS. This finding supports that, even when not appreciated on brain MRI, the condition of dual pathology may be present and needs to be examined in children.
Because of the physical proximity and the susceptibility to seizure generation in the common network of hyperexcitability, mesial temporal structures are frequently investigated in patients with mesial temporal, neocortical temporal, or extratemporal epilepsy. When the mesial structure is confirmed to be involved in seizure onset based on electrophysiological data, removal is associated with improved seizure outcome. 4, 13 However, the possibility of verbal memory loss needs to be considered, particularly in the settings of dominant hemisphere involvement, absence of unilateral MTS on imaging, or intact preoperative verbal memory function. 27 Mesial temporal monitoring was necessary in our cases to evaluate whether the hippocampus could be spared or not. Combined subdural strip/grid electrodes and/or depth electrodes allow recording from both superficial and deep cortex, and are helpful for identifying seizure-onset zones. 11, 21, 24 Depth electrodes have been used primarily to monitor the medial temporal structures 5, [24] [25] [26] because subdural strip electrodes were known to be less sensitive. Subdural strip electrodes detect the later spreading activity, whereas depth electrodes record the beginning of seizures in the hippocampus. 8, 24, 26 However, depth electrode placement with stereotactic technique has limitations, such as target failure or inability to sample across the whole length of the hippocampus with the midtemporal approach. 21 Various techniques have been reported to directly record from the ventricular surface of the hippocampus. A multicontact electrode line has been stereotactically placed in the temporal horn of the lateral ventricle from an occipital approach to record from the mesial temporal region intraoperatively. 3 A T-shaped electrode 20 or a strip electrode 14 has been introduced into the temporal horn from a midtemporal approach to record from the mesial temporal structures intraoperatively. For long-term intracranial monitoring, Song et al. 23 suggested an intraventricular depth electrode technique using stereotactic guidance and endoscope as an alternative to transcortical depth electrode placement and reported a thalamic contusion as a serious complication in 1 of 8 cases. However, this approach has not been widely used.
In our study, a strip with 4 or 6 contacts was safely placed into the temporal horn of the lateral ventricle from the anterior middle temporal gyrus to abut the amygdalohippocampal complex and extending posteriorly, which allowed successful recording of the whole length of the mesial temporal structure and facilitated decisions regarding the posterior resection margin of the hippocampus. There was no complication associated with IVSE placement in our 10 cases.
Conclusions
Intracranial monitoring using IVSE offers an alternative in terms of quality of EEG recording as well as safety and convenience of the technique at least comparable to that of traditional depth electrodes for monitoring mesial temporal structures. IVSE was useful in children who already required open craniotomy for intracranial monitoring over an extensive network of hyperexcitability.
